The NASA Astrobiology Institute (NAI) was established as a means to advance the field of astrobiology by providing a multidisciplinary, multi-institution, science-directed program, executed by universities, research institutes, and NASA and other government laboratories. The scientific community and NASA defined the science content at several workshops as summarized in the NASA Astrobiology Roadmap. Teams were chosen nationwide, following the recommendations of external review groups, and the research program began in 1998. There are now 16 national Teams and five international affiliated and associated astrobiology institutions. The NAI has attracted an outstanding group of scientific groups and individuals. The Institute facilitates the involvement of the scientists in its scientific and management vision. Its goal is to support basic research and allow the scientists the freedom to select their projects and alter them as indicated by new research. Additional missions include the education of the public, the involvement of students who will be the astrobiologists of future generations, and the development of a culture of collaboration in NAI, a "virtual institute," spread across many sites nationally and internationally.
INTRODUCTION I
N THE MID-1990S it became apparent to space scientists, to NASA, and to other space agencies that the improvements in space-borne equipment, in laboratory techniques, in the increasing number and sophistication of space missions, and in the rapidly developing knowledge of space encouraged a renewed emphasis on exobiology or astrobiology, that is, the study of how life interacts with the planets, moons, and other objects in our universe. Humans, soon after their origin, must have pondered their own beginnings and wondered if life also existed on the many objects they saw in the night sky. Scientific interest in origins and life elsewhere began with the emergence of early science, but it is only in the past few decades that it has become possible to study the questions in satisfactory detail. This paper contains a description of the NASA Astrobiology Institute (NAI), primarily during the period from May 15, 1999 , to October 14, 2002 , when I served as its Director. It deals primarily with the organization of the Institute to fulfill the NASA mis-sion and to insure a high quality of basic scientific discovery research.
THE ORIGINS OF THE NAI
The NAI has maintained an archive of its origins and early history. In this article I do not propose to present a detailed history of the administrative and scientific beginnings of the Institute in the NASA organization, but I will provide some of the highlights abstracted from the archives by Janet Morrison of the NAI Central office. This short presentation precludes citing all those who had an important role in NAI's beginnings, and I apologize to those I may have omitted. A more complete history will be written at a later date. (See the NAI website, www. NAI. arc.nasa.gov.) It is difficult to determine with certainty the first use of the term "astrobiology." Janet Morrison's earliest citation in the published literature was that of Laurence J. Lafleur of Brooklyn College in New York City, who wrote an article entitled "Astrobiology" in Leaflet No. 143 (January 1941) of the Astronomical Society of the Pacific (Lafleur, 1941) . The context of the paper indicates that the word was in use prior to the publication. Gabriel Tikhov used the term Astrobiotany in a Moscow publication in 1949 (Tikhov, 1949) and published a paper entitled Astrobiologii in 1953 (Tikhov, 1953) . Other early citations include those of Hubertus Struhold in 1953 (Struhold, 1953 and Pereira in Brazil in 1956 (Pereira, 1956 . Keith Cowing, the editor of "The Astrobiology Web," published online a review of some of these early citations.
There had been a continuing interest in NASA in the origins of life and life elsewhere. The exobiology program, with a mission similar to astrobiology, has been active since the early 1970s and continues under the direction of Michael Meyer at NASA Headquarters (HQ), who is also responsible for the astrobiology programs at HQ. In 1976, Viking 1 and Viking 2, the first NASA landers on Mars, conducted three biology experiments to determine if life existed on the Mars surface. The results were inconclusive, although generally interpreted as negative in part because of the absence of detectable organic compounds in the soil, somewhat muting the search for extraterrestrial life (now a part of astrobiology science). Non-mission research in exobiology continued, however, both within NASA and in the universities.
New scientific and technical innovations in the 1990s again focused NASA's interest in studying life in the universe. The present astrobiology program grew out of discussions of funding and administrative arrangements at NASA HQ and at NASA Ames Research Center (ARC). This included many scientists and officials who were also subsequently involved in the astrobiology program, including Wesley Huntress, then the Associate Administrator for Space Science, France Cordova, then NASA's Chief Scientist, Gerald Soffen, David Morrison, Don DeVincenzi, Gregory Schmidt, Lynn Harper, and many others. There were specific proposals concerning the designation of NASA ARC as the "Lead Center" for astrobiology in early 1995. On May 30, 1995 a letter entitled "Space Science and the Zero-Based Review" (a document concerning future NASA planning) was sent by Huntress to colleagues, in which the term astrobiology was used and the concept of an astrobiology institute advanced.
In addition to the growing interest at NASA, the program was impelled forward by new scientific findings that came to focus during 1996. The Galileo orbiter obtained views of Europa, the moon of Jupiter, indicating that it was likely to have a liquid water interior beneath its ice crust. Liquid water is assumed to be necessary for life to evolve, and the Europa discoveries raised the possibility that vast quantities of liquid water existed on at least one of the objects in our Solar System. Another impetus to the astrobiology program was the discovery of planets orbiting stars other than our own Sun. Within a few years, more than 100 such planets had been discovered; this was deemed to increase the possibility that life might exist away from our home planet.
A dramatic event was the 1996 discovery of what were possibly fossils of small microbes, as well as other suggestive indicators of prior life, in ALH 84001, a meteorite that originated on Mars. These findings led to front-page news and a meeting of a distinguished group of scientists with Vice President Al Gore on December 11, 1996, to discuss life in the universe. In addition, the first astrobiology scientific conference (using the new term) was held at ARC during 1996, Gerald Soffen became a key astrobiology advisor at NASA HQ, and plans moved forward at Ames, under the leadership of David Morrison and Scott Hubbard, to [20] [21] [22] 1998 . It was attended by scientists from the astrobiology and general scientific community, to establish guidelines for the astrobiology mission as well indicating the broad scientific projects that would be funded by NASA. I was one of those invited to attend; it was my first experience with the field of astrobiology. The NASA Astrobiology Roadmap, edited by Morrison and Meyer, was approved by NASA HQ in December 1998 (Morrison, 2001 . It listed 10 scientific goals, 17 specific objectives, and four general principles that are integral to the operation of NAI. A revised version appeared in November 2002 (DesMarais et al., 2003) .
THE ASTROBIOLOGY MISSION
Astrobiology is concerned with life as a planetary phenomenon, that is, how biology interacts with celestial objects. It is the study of the origin, evolution, distribution, and future of life on Earth and in the Universe. It addresses the fundamental questions, "How does life originate?," "Are we alone in the universe?," and "What is the future of humans in space?" Implied in these mission statements and questions is the additional question, "What is life, and how is it characterized?" Allied with this is an understanding of death: "When does life cease, and how can its effects be detected and measured in fossil remains and in the influences that life has on its environment that remain after the disappearance of the living material?"
THE STRUCTURE OF NAI
The NASA Strategic Plan, published annually, provides a detailed guide to the NASA mission and activities. The NAI is an Institute created by and included within the overall structure of NASA, and the NASA Astrobiology Roadmap describes its scientific mission and goals. The "Institute" designation implies a measure of independence in the scientific program within the requirements of the NASA mission and the broad outlines provided by the Roadmap. From its inception, the science to be undertaken in NAI was, in large part, determined by scientists from the general community who attended the workshops and helped to formulate its contents. NASA maintains several independent Institutes, most of them managed by nongovernmental organizations. NAI was created as a NASA-managed institute.
NAI provides a mechanism by which the creative research at universities, independent research institutions, NASA Centers, and other organizations can be funded by and engaged in the NASA astrobiology endeavor. NASA operations are centered at HQ in Washington, but many responsibilities are assigned to specific NASA Centers. As noted, NASA ARC had been designated as the center for astrobiology. The NAI leadership and management unit, designated NAI Central, is located there. The Director of ARC and the Administrator of NASA appoint the Director of NAI. The Associate Administrator of the Space Science Enterprise, the division of NASA that provides most of NAI funding ($18-25 million per year), is also responsible for the appointment. Edward Weiler was the Associate Administrator for Space Science during the period when NAI was established and consistently encouraged and supported its activities. The Associate Administrators of the Earth Science and Biological and Physical Research Enterprises (which each supply about $1 million per year), the Chief Scientist of NASA, and others are also engaged in the ap-pointment process. The Director of NAI reports to the Director of ARC and through him to the Administrator of NASA and other officials at HQ. The NAI Director has the responsibility of maintaining communications with the appropriate officials at NASA HQ and keeping them informed of the Institute's activities and plans.
A CAN, that is, an invitation to submit applications for 5 years of funding support, was announced in 1998 with the beginnings of NAI operations. Eleven Lead Teams were selected from more than 50 applicants after review by a peer review committee made up of distinguished scientists from the scientific community, only a few of whom were government scientists. The scientists select the research they wish to propose, within the broad confines of the NASA Astrobiology Roadmap, and the peer review groups evaluate the applications based on scientific merit, relevance to the NAI and NASA missions, the quality of the education and public outreach programs of the applicant, and other factors. NASA makes the final selections. The funding for NAI Lead Teams is for 5 years, at an average level of about $1 million per year per Team.
NAI supports a basic research and discovery program. Hence it is expected that the directions of the research will change during the tenure of the 5-year grant. As Director, I assured the PIs and other members of NAI that, although they were evaluated on their submitted science programs, I did not expect them to do exactly what they said they would. Discovery science can move very rapidly, and scientists should not be held to the plans made several years before the actual research begins. In addition, discretionary funds were available to the Director to fund new research that might emerge during the course of the investigation. Most of the discretionary fund allocations were also peer-reviewed. The exception to these was relatively small amounts of money for projects that had not yet produced evaluateable results, but appeared to be very promising for the advancement of the field.
Since NAI is a cooperative program, the Lead Teams' home institutions are expected to provide additional funding and other support, such as paying the salaries of professors who are members of a Team, buying equipment, and supplying maintenance. The home institutions provide to their Teams, on average, about 40% in addition to the funding they received from NASA. We also encourage and assist the Teams in obtaining support from other funding institutions.
An important feature of the organization of NAI is the Executive Council. It is made up of the PIs or their designated representatives and meets monthly by videoconferencing using the equipment supplied to each of the Teams. The Council also meets in person, usually at different Team sites, several times a year. The organization of NAI places the power of decision in the hands of the Director; hence the Executive Council is advisory. But, the recommendation of the Council was nearly always accepted, and they were also encouraged to come forward with initiatives for management and science, which they did. They had the advantage of great influence on decision making without the responsibilities of power.
The NAI has attracted an outstanding group of scientists. The PIs decide the membership of their Teams, and the members' names are then included in our photographic Directory. As of 2003 there were more than 800 members, about 150 of whom were senior scientists in the sense of being tenured faculty. As of early 2003 there were 19 members of the National Academy of Science (NAS) in the NAI. Considering that there are about 2,500 members of the NAS selected from all branches of science, the NAI has a remarkably high proportion of NAS members; it ranks with the most scientifically advanced academic and research institutions. It is very encouraging that many of these scientists consider themselves, at least in part, active members of the NASA astrobiology enterprise. The Institute organization appears to be an excellent mechanism to enlist the spirit and energy of American science to support the mission of exploring the universe.
The Director of NAI has also appointed a Science Council of distinguished scientists, including several Nobel Laureates, who act as advisors in many of the activities of the NAI and its Teams.
THE NATURE OF NAI
NAI is a basic research institution; hence, the outcome of the research is not apparent until it is done. The direction of research is the responsibility of the individual investigators; the role of NAI Central is to facilitate their programs. Overall, NAI's research goal is to serve the mission of NASA, and many of its research projects are directed to one or more of the present, planned, or contemplated space and airborne missions of NASA.
It was recognized that astrobiology cannot be the province of a single discipline and that multiple disciplines need to be brought to bear on the problem. This was addressed by requiring all Teams that competed for membership to include two or more science disciplines. The general trend in science is to become more and more specialized in a narrow discipline. The NAI is organized in the opposite manner. Any single scientist cannot be expected to be expert in the multiple disciplines that contribute to astrobiology, but the Teams taken together encompass all of them, and the expectation is that they will support each other. It is fair to say that this has been realized for many projects.
Astrobiology is an interesting mixture of scientific processes. One emerges from the historical sciences that make up a large part of the astrobiology enterprise: astronomy, ecology, field biology, geology, oceanography, paleontology, and others. The events being investigated have happened, and it is the task of the scientist to tell the explanatory story. It is inductive science in that the data are collected first and then the hypotheses are formulated. It is heavily based on fieldwork and observation, but includes theory and experimentation. Many scientists spend a significant part of their time in the field, often in remote and barren places with extreme environments.
A second scientific approach emerges from the ethos of contemporary medical/biological research. It is deductive in the sense that it is hypothesis-driven. The hypothesis is stated first, and then the data are collected to test it. The approach is primarily (although not exclusively) experimental and reductionist. There is a strong emphasis on experimentation, in which the scientist creates his or her own universe that is, or is assumed to be, a simulacrum of the real world beyond the laboratory bench. Most of the funding by the large biomedicine organizations is for hypothesis-driven research, and in these organizations it can be difficult to support inductive research-often denigrated as a "fishing expedition." I find it difficult to understand either this attitude or the metaphor. If the scientist wants to find something new, it is necessary to search in places not previously explored; if you want to catch fish, then a fishing expedition is the appropriate activity.
Astrobiology is a fascinating amalgam of these aspects of scientific processes, and it values both approaches. The appeal of astrobiology and space science in general is its newness. We are now able to look at and measure phenomena that not only were not observed before, but could not have been measured or observed because the means to do so were not available. The space ships, rockets, and satellites that allow extensive searches into the universe were not available as little as a decade ago. These are akin to van Leeuwenhoek with his microscope and Galileo with his telescope, who saw things previously unseen whenever they pointed their instruments in new directions. Astrobiology is a great producer of new ideas and data from which many novel hypotheses and models can be formulated. A testimony to the growth of this field is the recent establishment of two new professional journals, Astrobiology, published in the United States, and The International Journal of Astrobiology, published in the United Kingdom. Many Members of NAI Teams and NAI Central serve on the Editorial or Advisory Boards of these journals.
INTERNATIONAL ASSOCIATIONS AND AFFILIATIONS
Space exploration cannot be done by the United States alone. If, for example, humans explore Mars sometime in the future, it is unlikely that they will be only Americans. The documents that established the NAI excluded the funding of international Teams; our relations with international colleagues are scientific and collaborative. When the NAI was established in 1998, the Span-ish astrobiology group, which had just been formed, requested an association with the NAI. This was instituted at a government-to-government level, and soon after the Spanish government provided funding to build a purpose-dedicated building, near Madrid, that now houses a very active and successful astrobiology research group. Since that time several other national astrobiology organizations have become associated or affiliated with NAI. This usually occurred because of scientific connections between NAI members, including members of NAI Central, and scientists from other countries. On several occasions national astrobiology organizations (for example, the UK Astrobiology Forum and Network) were formed specifically to facilitate the NAI affiliations.
NAI does not judge the international partners; we assume that has been done by their own national review apparatus. NAI follows a process of vetting the requests of the international Teams for association, often by members of the Director's Science Council, in order to determine how the international program interacts with NAI and with the other international groups. The views are transmitted to the applicant groups who may then react to any suggestions that come forward. Associate partnerships are based on governmentto-government agreements. Affiliate partnerships are based on scientist-to-scientist arrangements. The nature of the partnership can be changed at the request of the international partner. NAI Central works in conjunction with the Office of External Relations at NASA HQ (who deal with international relations) and the appropriate offices at the U.S. State Department.
A recent development has been the interaction of the international organizations with each other in the form of collaborative research projects, visits of students and postdoctoral scientists, and joint field trips. The role of NAI in these activities is to facilitate the interactions without interfering. The several international and national Teams and affiliates can interact with each other as a syncytium of interconnections without the need for a command structure. The current international Associates (Spain, Australia) and Affiliates (the others) include Centro de Astrobiologia (Spain), UK Astrobiology Forum and Network, Australian Centre for Astrobiology, Groupe de Recherche en Exobiologie (France), and the European Center for Exobiology/Astrobiology (European Union). Discussions are in progress with other countries.
EDUCATION AND PUBLIC OUTREACH
Basic scientific research is the major mission of NAI, but education and public outreach are additional important tasks. In democracies, science is conducted with the permission of the public and their elected representatives who pay for most basic research. It is the responsibility of scientists to tell the public what they are doing and hope to do, in order to allow the public, aided by the scientists, to make intelligent decisions on the directions science should take. NAI invests a significant portion of its budget in this effort.
Astrobiology has a peculiar generational character. The distances traveled by space missions and the time to complete them mean that a scientist may not be able to plan his or her program and mission, define the observations to be made and the hypotheses to be tested, and obtain all the results within a single scientific lifetime. For example, Europa is one of the most interesting targets for astrobiology research. It takes 5 years (at the current speeds of propulsion) to reach Europa, and many more years for orbiting, landing, and return missions. Studies started by a contemporary scientist will have to be completed by his or her (or someone else's) children, grandchildren, and great-grandchildren. It is similar to the construction of cathedrals, which often required several generations for completion. There is an element of altruism involved in astrobiology and space science in general, in that the person who starts the job may not finish it. Of course, there are many scientific results achieved during the course of a grander mission, and there are opportunities to publish scientific papers along the way.
NASA and NAI have an extensive program for teacher training, providing materials for kindergarten-to-12th grade (K-12) teachers and students, and other activities. Academic institutions have taken initiatives to satisfy student interest in the subject. There are about 100 undergraduate courses in astrobiology and similar subjects, the majority of them started since the year 2000. In many colleges the astrobiology course can satisfy the science requirement for non-scientists. Several undergraduate astrobiology texts have been published, and others are in preparation.
Graduate programs in astrobiology are in place or planned in several universities. These include the University of Washington, Arizona State University, Pennsylvania State University, and the University of Colorado at Boulder. In general, the Ph.D. degree is awarded in an established discipline (such as astronomy, geology, biology, or genetics) but with additional training in astrobiology recognized by a certificate awarded along with the Ph.D. Many predoctoral students are funded directly or indirectly through the NAI grants to the Teams. Staley (2003) has recently published a very useful review of education and astrobiology.
THE "VIRTUAL INSTITUTE"
NAI is a distributed organization with 16 national Teams and several international associates and affiliates. Developing methods for organizing a "virtual institute" or "collaboratory" is a major mission of NAI. Virtual institutes have the advantage of assembling many scientists from different disciplines to work on projects in which they are mutually interested. It can be argued that it would be better to have all of them in a single location. The counter argument is the difficulty of recruiting and moving so many scientists to the same location, and the cost of building and maintaining a large single venue. In many cases it may be better to spend the money on research and utilize the buildings and equipment supplied by the home institutions of the Teams. In addition, there is value in linking to existing institutions with their networks of scientists, laboratories, and students.
Virtual organizations are becoming more and more common in a world that is connected by electronic means and in which businesses and other institutions extend nationally and internationally. NAI is a basic science institute, but lessons learned from its organization and management may extend beyond this particular function.
A variety of technologies and processes have been introduced at NAI to facilitate the development of collegiality and collaboration and to mitigate the disadvantages of geographic separation. Establishing such a virtual institute requires not only the selection of appropriate communication and knowledge hardware and software, but understanding the sociology and even psychology of scientists and the way in which they interact. This will be described in another paper to be prepared by Lisa Faithorn, the NAI Collaborative Research Manager, and the present author.
NAI supplies videoconferencing capability to each of the Lead Institutions. The quality of the equipment has been greatly improved over time, and information technology managers have been appointed at the Teams. A major effort has been directed to identifying other electronic means to improve interaction. In order to do this a "needs assessment" survey has been conducted. One outcome will be the selection of personal computer-based conferencing, communication, and knowledge management systems that will facilitate the inclusion of members not at the Lead Institutions in conferences and other meetings.
Electronic devices are only a part of the program. Several methods have been established to increase collaboration and interaction. Focus Groups are self-organized research teams that bring together scientists of like interests from within and without NAI. To date (August 2003), these include the Mars Focus Group, the Ecogenomics Focus Group, the Mission to Early Earth Focus Group, the Evogenomics Focus Group, the Europa Focus Group, the Astromaterials Focus Group, the Titan Focus Group, the Impact Focus Group, the Virus Focus Group, and the Astronomy Focus Group. The Focus Groups have proven to be one of the most effective mechanisms for bringing together the scientific interests of the NAI members as well as scientists not in the NAI. Videoconferencing is particularly useful for the meetings of these Focus Groups.
NAI supports about 12 postdoctoral fellows per year in a program administered with the National Research Council (the NAI/NRC Postdoctoral Fellows Program). After 1 year, the fellowships may be renewed for a second year. The Fellows may spend short or long periods at Teams other than their own to widen their experience and to convey scientific interest from one Team to another. Funds are available for members of different Teams to take part in each other's field trips, another mechanism to facilitate the exchange of ideas and methods. NAI also sponsors a series of seminars that use the videoconferencing facilities. These include Director's Seminars for presentations by the senior scientists, and a student video seminar series, organized by the student astrobiology groups that have formed at several of the Teams. Other mechanisms to foster connectedness are being developed.
CONCLUSION
The NAI has completed nearly 5 years of scientific work since its inception in 1998. There is a long path to tread before it gains the maturity to fully support its active and future-looking program, but it is fair to say that NAI has already had an impact on the exciting field of astrobiology. It has provided significant funding to the creative genius of U.S. academic and government science at a crucial time when the field was expanding. It has supported, in whole or in part, many of the scientific leaders in the field and encouraged those who are not members of the NAI. The high standards of the scientists attracted to research in astrobiology and to the NAI are attested to by the surprisingly large number of members of the NAS in NAI's membership.
The NAI is a resource for basic and exploratory science where the scientists can request funds for what they wish to do, within the broad confines of the NASA Astrobiology Roadmap, with the expectation that they can shift their directions when new findings warrant change. Its role as a virtual institute has required it to develop methods to facilitate collaboration between scientists at locations distant from each other. Public outreach and the training of both young and more mature scientists are major parts of its activities, with the recognition that astrobiology is a long-term and even generational discipline.
The passing years will reveal additional questions and answers that have made and will make astrobiology an exciting and rewarding scientific endeavor. The basic science findings it has generated can answer questions of vital interest to science and the public. They will, in time, also contribute to important applications in industry, applied science, and medicine. The organization of this virtual basic science institution may also be of interest to the many similar organizations in science, business, and other corporate activities.
Research and discovery in space is a difficult and challenging human endeavor that will, in time, affect many. As Paul Davies has noted in his book on astrobiology, The Fifth Miracle (Davies, 1999) , life has the characteristic, using philosophical terminology, of "being" and "becoming." It exists in a particular form now, but has the potential, because of the diversity in its offspring, of becoming something related, but also different. Astrobiology is in a vigorous stage with a great potential for the future. It will be interesting to see how it develops and evolves.
